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Abstract
Semiconductor nanowires suffer from significant non-radiative surface recombina-
tion, however, heavy p-type doping has proven to be a viable option to increase the
radiative recombination rate and hence quantum efficiency of emission, allowing demon-
stration of room-temperature lasing. Using a large-scale optical technique, we have
studied Zn-doped GaAs nanowires to understand and quantify the effect of doping
on growth and lasing properties. We measure the non-radiative recombination rate
(knr) to be (0.14 ± 0.04) ps−1 by modelling the internal quantum efficiency (IQE) as
a function of doping level. By applying a correlative method, we identify doping and
nanowire length as key controllable parameters determining lasing behavior, with re-
liable room-temperature lasing occurring for p &3 × 1018 cm−3 and lengths & 4µm.
We report a best-in-class core-only near-infrared nanowire lasing threshold of ∼ 10µJ
cm−2 , and using a data-led filtering step, we present a method to simply identify
sub-sets of nanowires with over 90% lasing yield.
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Semiconductor nanowires have been widely studied for applications in optoelectronic in-
tegrated circuitry,1–3 as photodetectors,4 modulators5,6 and coherent light sources;7 they are
excellent candidates for the fabrication of compact functional devices for operation at opti-
cal wavelength-scale offering the advantage of strong light confinement.8,9 Their geometry
provides a natural Fabry-Pe´rot optical cavity due to a characteristic elongated shape and
relatively high modal refractive index (n = 3 − 4).10,11 Nanowire lasers (NWLs) have been
demonstrated across a wide range of operating wavelengths from ultraviolet12–16 through
visible17,18 and to near infrared19–22 by choosing a particular ternary alloy and stoichiometry
composition. The quality of an optically-pumped NWL architecture is in part defined in
terms of lasing threshold, the minimum power density required to produce lasing emission.
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Common approaches to optimize the lasing threshold of a NWL include the introduction
of single or multiple quantum wells,22–27 quantum dots28,29 or photonic crystals.16,30 These
methods rely on optimizing either the luminescence quantum efficiency QE = kr/(kr + knr)
(where kr and knr are the radiative and non-radiative rates, respectively
31) or the mode-
gain spatial overlap.25 In some III-V semiconductor nanowires (notably GaAs), a significant
challenge arises from the large surface-to-volume ratio leading to a high density of surface
states32 and large non-radiative recombination rate. To compensate for surface recombina-
tion effects it is possible to passivate the nanowire surface and reduce knr, for instance by
plasma passivation,33 surface nitridation,34 metallic oxide deposition35 or adding a thin cap
layer of a higher band gap alloy.36,37 Alternatively, QE may be improved by increasing kr; one
method to achieve this is through heavily doping the nanowire active region.38–40 We have
recently shown that room-temperature lasing in GaAs nanowires can be achieved by heavy
p-type doping with Zn.41 However, identifying an exact relationship between doping level
and laser threshold is complicated by other mechanisms that contribute to lasing threshold;
geometric effects such as cavity length (and distributed losses) , cavity diameter (and con-
finement), and large end-facet reflectivity variations from wire-to-wire, both of which may
depend themselves on doping level and growth conditions. Recently, it has been reported
that heavy doping has an impact on nanowire growth in particular for GaAs42 and InP,43
and can be beneficial in photodetector applications.44 To elucidate the relationship between
doping level and other nanowire characteristics, a fast and reliable technique to measure
doping in single nanowires is of particular interest. In recent years, a number of optical
approaches based on modeling photoluminescence (PL) spectra have been developed and
applied to different nanowire architectures, including p-doped InP,45 n-doped InxGa(1−x)P46
and p-doped GaAs.47 Here, we adopt a fast and simple phenomenological model based on
shifts in PL spectra which allow us to rapidly and confidently determine local doping levels.
In this work we present a large-scale optoelectronic characterization of 975 p-doped GaAs
nanowires using a previously reported statistical methodology,48 and describe a facile optical
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method of determining p-doping from PL spectra fitting. By investigating the correlation
between PL intensity, p-doping level, nanowire length L, electronic disorder σ and lasing peak
wavelength λpk with lasing threshold, we identify doping level and cavity length as the most
important factors determining lasing threshold. Using low-power (below lasing threshold)
excitation we report a non-monotonic increase in integrated PL intensity as a function of
zinc concentration which can be modeled using a rate equation approach to extract the non-
radiative recombination rate knr =(0.14 ± 0.04) ps−1 . For our highest doped growth, the
number of NWLs showing room temperature lasing was 655 (67%) with a median threshold
excitation energy of 60+38−29 µJ cm
−2 (where the upper and lower limits indicate the inter-
quartile range). The nanolaser with best performance was identified from this set, with a
threshold energy of ∼10µJ cm−2 . Furthermore, by pre-selecting nanowires with high doping
levels and long lengths through a simple spectroscopic and imaging approach we show that
we can easily identify sub-populations with lasing yields of over 90%. Taken together, we
show that a statistical approach is a powerful method for characterizing, understanding, and
directing optimization for NWLs.
Four sets of GaAs nanowires were grown on (111)B GaAs substrates with different
vapor-phase zinc dopant precursor levels (DEZn) using metal-organic vapour phase epitaxy
(MOVPE). These nanowires were grown via a Au-catalyzed vapour-liquid-solid mechanism,
similar to those previously reported,41 and are labelled NW-A, NW-B, NW-C and NW-D
corresponding to DEZn flow rates 47, 7.9, 3.6 and 0.6 µmol/min respectively. Each sample
was prepared by dispersing the wires in iso-propylalcohol by ultrasonication, and deposition
onto z-cut quartz substrates; multiple drops were used to control the nanowire density and
uniformity. Initially ∼1000 nanowires were located and investigated from each sample using
optical imaging machine vision and micro-photoluminescence (µ-PL) spectroscopy. From op-
tical microscopy imaging (images shown in Figure S1 in the Supporting Information) we
found a non-monotonic relationship between average nanowire length and DEZn flow rate,
with an initial increase in length with DEZn flow followed by a reduction for the highest
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doping levels to l = 3.5± 0.5µm for NW-A (results shown in Figure S2 in the Supporting
Information). While growth mechanism modelling49 lies beyond the scope of this report,
this suggests that nanowire growth is inhibited at higher Zn flow, as previously observed for
InP nanowires,50,51 with implications for growth strategies requiring highly doped and long
nanowires. PL measurements under low-power excitation showed nanowires from sample set
NW-A had the highest integrated emission intensity; this sample set was therefore selected
for the following in-depth optical and statistical studies. The nanowire diameter for NW-A
was measured using SEM (Figure S4 in the Supporting Information), revealing slight ta-
pering and a typical diameter of 370± 60 nm. We note that variations in nanowire diameter
are expected to impact the dominant transverse mode,52 which in turn can have a non-linear
influence on lasing threshold.
PL measurements were carried out on 11227 nanowires from sample NW-A, from which
975 nanowires were randomly selected for more detailed characterization; this sample size
reduction was required to limit the experimental time. The detailed studies included both
lasing behavior using power-dependent µ-PL and spatial variations in doping using PL map-
ping. A number of optical approaches have been used to calculate p-doping (or Zn level)
within GaAs; these typically relate shifts in the apparent band-edge emission to doping
level.53–56 To determine doping we used the effective band-gap energy Eg extracted for all
975 nanowires. According to Borghs et al., the band gap of GaAs has been observed to
shrink as a consequence of heavy p-type doping, by ∆Eg = EGaAs − Eg,53 where EGaAs
is the energy band gap of intrinsic GaAs. The hole concentration can be modeled by the
empirically determined equation
p+ =
(
∆Eg
K
)3
. (1)
where K is a constant. While literature values for K exist, we independently determined a
value for K=(1.15±0.03)×10−8 eV·cm in our microscopy system using three planar reference
samples with carrier concentration measured by SIMS, and additional Zn density confirma-
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tion by using XPS and Raman techniques (data and discussion of these measurements is
provided in the Supporting Information).
We calculate the effective band gap energy Eg by fitting the intensity I(E) of measured
PL with a convolution between a 3D density of states D(E) and a Gaussian G(E) distribution
function multiplied by a scaling factor α as reported in previous studies.48,57 Briefly,
I(E) = α(D(E)⊗G(E)), (2)
where D(E) is given by
D(E) ∝√E − Eg exp(−E − Eg
kBT
)
. (3)
Here E is the photon energy and T is the electron temperature, which was fixed at 300K.
G(E) is given by
G(E) = exp
(−E2
2σ2
)
, (4)
where σ is a phenomenological parameter describing the electronic disorder present in the
emission, which we use to parameterize spectral broadening from all sources including that
caused by inhomogeneity from crystal defects48,57 or p-doping variation across the excitation
spot. We note that the p-doping level of nanowires has previously been determined using the
emission full-width-at-half-maximum (FWHM); however, Lindgren and colleagues explained
that this approach is inaccurate at room temperature for higher doping concentrations.45
We observe that electronic disorder (related to the FWHM) appears constant for most of
the p-doping values range (see Supporting Information), therefore, we took the approach
described in Equation 1 as the preferred method for determining the value for the doping
level. Figure 1 shows a PL spectrum from a typical nanowire under weak excitation. A fit
using Equation 2 is able to reproduce the PL nanowire emission accurately; a discrepancy
at the low energy tail (1.3 eV) is attributed to residual strain or material imperfections.57–59
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Figure 1: PL spectrum of a typical nanowire (black circles) and a fit as described in the
text (red line). The predicted PL from undoped GaAs is given by the orange dotted curve,
demonstrating the PL shift due to doping. The inset shows a p-doping map for this wire,
doping level corresponding to each point was calculated using Equation 1.
It is known that axial variation in growth can exist both in the present nanowires (which
are produced using a two-step “nucleation and growth” approach60) and in general.59 To
obtain a meaningful measure of p-doping, a confocal PL emission map for each nanowire
was made with a ∼0.5µm spatial resolution, and the emission for each point fitted with the
model described by Equation 1. Using this, a doping map was created (as shown in the inset
of Figure 1), allowing the maximum, minimum and mean doping level to be determined for
every wire.
Figure 2a shows a histogram of mean p-doping level measured in sample NW-A. A sig-
nificant distribution in doping concentration values is observed for the 975 nanowires set,
with a median value of 3.6+1.3−1.1×1018 cm−3, where the upper and lower limits represent the in-
terquartile range. This distribution in doping provides an inherent parameter space to allow
us to investigate the relationship between doping level and optoelectronic performance. Fig-
ure 2b shows IQE (under weak excitation conditions) as a function of mean p-doping level,
where nanowire emission tends to become brighter with increasing p-doping as previously
observed.53 While length, orientation, and defect density might be expected to influence the
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integrated PL from each wire, a strength in our statistical approach is the ability to isolate
the effect of each parameter. As such, a simple model for emission intensity can be written
by approximating the PL intensity as proportional to internal quantum efficiency IQE such
that
I(p) = βIQE(p) = β
(
B(p)p
B(p)p+ C(p)p2 + knr
)
(5)
where B(p) is the doping dependent radiative recombination rate, as reported by Nelson and
Sobers,31 and given by
B(p) = −3.47× 10−11 ln(p) cm3s−1 + 1.63× 10−9 cm3s−1, (6)
and C(p) is the doping dependent Auger rate, as found by Ahrenkiel et al.,61 given by
C(p) = 3.83× 10−43p0.78 cm6s−1. (7)
The two fitting parameters, β and knr, are an arbitrary scaling factor and the non-radiative
rate respectively. While β may depend on a variety of geometrical and experimental factors
for each NW, by averaging over our large population we are able to identify any trend in
emission intensity with p-doping.
By fitting the data in Figure 2b with the model in Equation 5, a value for knr of (0.14±
0.04) ps−1 was determined. In unpassivated nanowires, we anticipate that the majority of
recombination will occur at the surface;62 by approximating knr ≥ 4S/d, where S is the
surface recombination velocity (SRV) and d is the NW diameter measured as 370 ± 60 nm
(Figure S4), we can extract a value of S = (13 ± 4) × 105 cm/s. This is in agreement with
values measured using both time-resolved photoluminescence spectroscopy41 on the same
wires (20× 105 cm/s) and those measured using terahertz spectroscopy32 on undoped GaAs
nanowires (5.4 × 105 cm/s). This agreement is notable considering our simple approach
8
Figure 2: a) Stacked histogram showing mean p-doping distribution for a total of 975
nanowires from sample NW-A. The occurrence of doping levels within lasing (blue) and
non-lasing (green) sub-groups is indicated. b) Internal quantum efficiency as a function of
mean p-doping concentration shown in blue. The red curve and black dashed lines show the
fit according to Equation 5 and 3σ confidence bounds, respectively.
studies a single growth with a low-cost and low-excitation power technique; we however
note that by neglecting bulk recombination, our value for S represents a maximum surface
recombination velocity for these nanowires.
One notable feature of the fit shown in Figure 2b is the emergence of a plateau in IQE at
doping levels of around 1.2 × 1019 cm−3. Above this value, non-radiative recombination via
the Auger mechanism begins to dominate over radiative bimolecular recombination, reducing
IQE. As such, the NW-A batch represent the maximum possible IQE for Zn-doped GaAs
nanowires with this architecture; to achieve higher IQE, non-radiative recombination must
be addressed through surface passivation or optimized growth conditions. Considering a
surface-passivated GaAs nanowire63,64 with a non-radiative rate knr ≈1 ns−1 and a doping
level of 2×1018 cm−3 we may predict an improvement in IQE, with values of up to 20% being
achievable.
Lasing behavior was studied for each wire under sub-picosecond optical excitation at
620 nm (details in Supporting Information), and the PL as a function of pulse power
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Figure 3: a) Plot showing PL spectra from the best-in-class nanowire. The lasing threshold
energy is calculated from the light in vs light out as ∼10 µJ cm−2 (as shown in the left
inset by a dotted line). The inset in the upper right shows the diffraction pattern for this
wire characteristic of lasing emission in resonant cavities. The image is taken from optical
microscopy at the emission wavelength above threshold. b) Histogram of lasing threshold
values for a total of 453 nanolasers. The inset shows a higher resolution view of the low
threshold region between 10-20 µJ cm−2 .
was measured for the 975 nanowires at room temperature. For each nanowire a light in
vs integrated light out (LILO) curve was made to allow for algorithmic determination of
lasing. A set of fluence-dependant spectra is shown in Figure 3a, along with the associated
LILO curve. The conditions for lasing were defined as an abrupt change in gradient of the
LILO curve along with the appearance of a narrow emission peak with a FWHM <5 nm
and a peak height of >30% of the overall PL. A linear fit was made to the spontaneous
and stimulated emission regimes on the LILO curve, and the lasing threshold energy was
taken as the intersection of the two lines; while this over-estimates the true threshold, this
approach was seen to be more robust when only limited number of data-points are measured
for each nanowire. All nanowires displaying optically verified lasing behavior were included in
calculations of the total lasing yield, the fraction of NWL showing lasing at room temperature
from sample NW-A was 655 wires (67%). The remaining wires either did not show any signs
of lasing at maximum excitation fluence (250µJ cm−2 ), or the PL intensity was observed to
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drop due to the onset of thermal degradation. For an in-depth correlation study, ∼ 30% of
wires had to be cut from the 655 nanowire set due to low confidence in PL fitting or lasing
threshold energy estimation; this narrowed the number of nanowires used for correlation
studies to 453 .
Given the importance of IQE to emission as shown in Figure 2b, the doping level might be
expected to be the most important parameter determining yield. The distribution in mean
doping concentration for subsets of the 975 nanowires which either lased or were non-lasing
is presented in Figure 2a. While it appears that lasing nanowires are much more likely to
occur for higher concentration, it is also clear that many nanowires from the non-lasing group
have doping levels which overlap with the lasing subset; this is a strong indication that other
geometrical or material parameters such as non-planar end facets, crystal defects and/or
nanowire length play a significant role in determining the likelihood of room-temperature
lasing in this architecture.
Figure 3b shows the distribution of lasing threshold values for nanowires from sample
NW-A, ranging from ∼10 to ∼150µJ cm−2 with a median value of 60+38−29 µJ cm−2 , where
the upper and lower limits represent the interquartile range. This range of lasing threshold
values are amongst the lowest reported in the literature for a room temperature NWL; in
particular, the best-in-batch nanowire has a lasing threshold of 10 µJ cm−2 with a mean
Zn doping level of (0.8±0.1)×1019 cm−3. Figure 3a shows room-temperature PL spectra of
the best-in-batch nanowire at increasing excitation intensity. At low pump fluence (2-6 µJ
cm−2 ) a broad PL emission associated with the spontaneous emission is observed. Above
10 µJ cm−2 three narrow peaks, associated with Fabry-Pe´rot cavity modes, appear at 858 nm,
870 nm and 884 nm. With increasing fluence the integrated PL intensity increases with a
higher gradient onset in the lasing regime, as shown in the inset. Coherent emission from
this nanowire was confirmed by optical imaging at the emission wavelength as shown in the
top right inset of Figure 3a; the image shows the characteristic diffraction pattern associated
with a short-cavity Fabry-Pe´rot laser.52
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Figure 4: 2D histogram showing lasing threshold and a) mean doping level and b) nanowire
inverse length. Points and error bars indicate the median and interquartile range within
each threshold bin, and a linear guide to the eye is given in red. A moderate but statistically
significant correlation is observed for both variables (linear correlation coefficient of a) ρ =
−0.19 and b) ρ = 0.15).
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To investigate the relative influence of doping on distributed losses, the mean doping
level determined for 453 nanowires were compared with lasing threshold. The 2D histogram
shown in Figure 4a shows a moderate negative linear correlation between Zn concentration
and lasing threshold (linear correlation coefficient ρ = −0.19, significance p  0.05). This
result is in accordance with the correlation observed in the low-power PL study (Figure 2b),
supporting the role of quantum efficiency in determining lasing threshold.
While doping level is important for high quantum efficiency, cavity geometry is also
critical for lasing. The threshold gain gth required for lasing in a monolithic cavity can be
approximated as
gth = α0 − ln(R1R2)
2L
,
where α0 represents the distributed losses, R1,2 are the reflectivity coefficients of the two end
mirrors and L is the cavity length. The Au nanoparticle present in these wires is expected
to improve the reflectivity at one of the end-facets as reported by Saxena et al.52 which
may contribute to lower threshold gain. Each nanowire length was calculated from the peak
separation of the Fabry-Pe´rot modes from the lasing data (see Supporting Information);
to minimize measuring multiple transverse cavity modes which can be supported in this
architecture which might interfere with the length calculation, we used the lasing spectra
just above threshold. To study the relative importance of distributed and end-mirror losses,
the correlation between nanowire inverse length and lasing threshold was measured and is
shown in Figure 4b (linear correlation coefficient ρ=0.15, significance p=0.01). This positive
correlation, while moderate, suggests that wires with a longer length will compensate for
mirror losses and have lower threshold values. A number of other correlations which were
also investigated include a significant inverse correlation between lasing peak wavelength
and lasing threshold (see Supporting Information), attributed to a gain spectral blueshift
under higher excitation conditions required for wires with a high threshold gain.
In commercial or industrial applications, lasing yield fraction is a vital figure of merit for
any NWL architecture. We studied the lasing yield in terms of the two critical parameters:
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p-doping level from low-power PL and nanowire length as determined simply from optical
microscopy. These techniques allow the rapid measurement of doping and length, which
can be performed in less than 1 second per nanowire. By selecting nanowires based on
their measured doping and length, the yield (defined as the ratio between the number which
showed lasing to the total wires considered) was calculated for different subsets of wires.
Figure 5a,b shows the yield as function of subset; the yield for nanowires with doping p > pcut
and length L > Lcut is shown as a function of pcut or Lcut, respectively. It was found that
wires with a mean doping level > 3×1018 cm−3 had the highest chance of lasing with a yield
of ∼ 65% (Figure 5a). From a study as a function of length, we found that the likelihood
of lasing increases to ∼70 % for nanowires with a length >4µm (Figure 5b). By combining
these two requirements it is possible to define sub-populations within the growth ensemble
with significantly increased yields; by selecting nanowires with p > pcut = 0.3×1019 cm−3
and L > Lcut =4µm we cut out 75% of the total nanowires within the growth batch, but we
hope to achieve a lasing yield of at least ∼ 70%. Figure 5c shows the yield as a 2D histogram
as a function of length and p-doping.
To validate this approach, a new and previously unstudied sample was prepared from
the same NW-A nanowire growth. By performing rapid doping and length calculations from
553 single nanowire PL and optical images, a sub-population of 131 nanowires was selected
according to the cut values determined above. From this 131 NW subset, 120 (93 %) showed
lasing with a median lasing threshold of 55+20−11 µJ cm
−2 (see Supporting Information for
data and details). As expected, the median threshold is close to (and slightly lower than) that
determined from the initial sample (60+38−29 µJ cm
−2 ). This approach demonstrates that it is
not only possible to use the correlative methodology to understand the relative importance of
controllable parameters on functional performance, but also to specify a subset with higher
yield and potentially lower lasing threshold.
In summary, we have demonstrated a method to simply assess nanowire p-doping using
a large-scale optical methodology. To measure a meaningful carrier concentration in each
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Figure 5: Yield of nanowires lasers for a series of selection cuts; for sub-populations a) where
the doping level p exceeds some value pcut and b) where the length L exceeds some value Lcut.
c) 2D histogram of lasing yield associated to length and p- doping distributions. Yields of
over 70% are predicted where sub-populations are selected on both yield and length. Black
dots indicate individual nanowires, and the yellow arrow indicates the region of highest yield.
White dashed lines indicate the selected cut values pcut and Lcut.
nanowire, we found that it was essential to determine the mean doping level from individual
nanowire PL mapping. The calculated p-doping values were within the expected nominal
range as confirmed by planar reference samples (see Supporting Information). Photolu-
minescence intensity is enhanced for higher doping levels as predicted by a model relating
IQE to doping, with an increase in functional performance further confirmed by lower las-
ing threshold energy and high lasing yield for wires with an increased doping level. We
have demonstrated that the primary controllable factors for determining lasing threshold
in p-doped nanowires are doping level and nanowire length. As limited opportunity exists
for increasing performance through increased doping due to Auger recombination, reducing
knr should be the preferred strategy for improving NWLs. A best-in-class nanowire laser
threshold of 10µJ cm−2 was measured, indicating that this architecture is of technological
relevance. Finally, by using facile spectroscopic and imaging measurements we demonstrate
arbitrarily high-yield subsets can be identified from a sufficiently large ensemble, and we
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show a subset with a lasing yield of 93%.
Semiconductor nanolasers based on heavily p-doped materials are a strong candidate
architecture for low-threshold performance, paving the route towards electrically pumped
operation in industrial applications. Moreover, our presented methodology may be applied to
a wide range of optoelectronic nanomaterials to study key parameters for improved functional
performance as well as assessing growth homogeneity.
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